Methane dissociation on Pt(111): Searching for a specific reaction parameter density functional J. Chem. Phys. 144, 044702 (2016) The fundamental understanding of molecule-surface reactions is of great importance to heterogeneous catalysis, motivating many theoretical and experimental studies. Even though much attention has been dedicated to the dissociative chemisorption of N 2 on tungsten surfaces, none of the existing theoretical models has been able to quantitatively reproduce experimental reaction probabilities for the sticking of N 2 to W(110). In this work, the dissociative chemisorption of N 2 on W(110) has been studied with both static electronic structure and ab initio molecular dynamics (AIMD) calculations including the surface temperature effects through surface atom motion. Calculations have been performed using density functional theory, testing functionals that account for the long range van der Waals (vdW) interactions, which were previously only considered in dynamical calculations within the static surface approximation. The vdW-DF2 functional improves the description of the potential energy surface for N 2 on W(110), returning less deep molecular adsorption wells and a better ratio between the barriers for the indirect dissociation and the desorption, as suggested by previous theoretical work and experimental evidence. Using the vdW-DF2 functional less trapping-mediated dissociation is obtained compared to results obtained with standard semi-local functionals such as PBE and RPBE, improving agreement with experimental data at E i = 0.9 eV. However, at E i = 2.287 and off-normal incidence, the vdW-DF2 AIMD underestimates the experimental reaction probabilities, showing that also with the vdW-DF2 functional the N 2 on W(110) interaction is not yet described with quantitative accuracy. C 2016 AIP Publishing LLC.
I. INTRODUCTION
Heterogeneous catalysis plays an important role in many industrial processes. 1, 2 Many experimental and theoretical studies have been performed in order to improve the fundamental understanding of molecular reactions on metal surfaces, since this knowledge can help with the development of more efficient catalysts. Among the industrial processes that make use of heterogeneous catalysis, one of the most important is the Haber-Bosch process that is used to produce ammonia from the reaction of N 2 and H 2 on an iron based catalyst. 3 The dissociation of N 2 , catalyzed by the metal surface, is believed to be the rate-determining step of the whole process 3 motivating the interest for this reaction step. The dissociation probability of N 2 on an iron single crystal surface shows a clear dependence on the crystallographic face of the metal on which the reaction occurs. 4 Similarly, tungsten surfaces show an high crystallographic anisotropy of the nitrogen dissociation probability (S 0 ): it is known, from molecular beam experiments, that for low collision energies (E i ), the W(100) surface is roughly two orders of magnitude more reactive than the W(110) surface. 5 The observed non-zero reaction probability of N 2 on W(100) for vanishing E i suggested that, on this surface, non-activated paths for the dissociation exist. 6, 7 For N 2 on W(110) 7, 8 the measured reaction probability is almost zero (i.e., ≈10 −3 ) a) Email: d.migliorini@lic.leidenuniv.nl
at low E i and increases with increasing collision energy, which suggested an activated mechanism for the dissociative chemisorption. The similarity of N 2 on W and the catalytically more relevant Fe surface (the crystallographic anisotropy of the N 2 dissociation) has prompted many studies on N 2 dissociation on W surfaces. Even though much attention has been dedicated to the theoretical study of the dissociative chemisorption of N 2 on tungsten surfaces, none of the existing models has been able to quantitatively reproduce experimental reaction probabilities for the sticking of N 2 to W(110). Even though the experimental S 0 curve shape suggests an activated reaction path, Alducin et al. 9, 10 achieved a qualitative description of the dissociation probability of N 2 on W(110) through molecular dynamics calculations performed on a potential energy surface (PES) that also included non-activated paths for dissociation. Alducin et al.
9,10 and Bocan et al. 11 computed the reaction probability on two PESs calculated with density functional theory (DFT) at the generalized gradient approximation (GGA) level, using the PW91 12, 13 functional and the RPBE functional, 14 respectively. These dynamical calculations used the ideal static surface approximation. Mixed results have been obtained using these two functionals: using the more repulsive RPBE functional good agreement with experimental results was found for normal incidence (Θ i = 0
• ), but the reaction probability at Θ i = 60
• was underestimated. The PW91 functional returned good agreement with experimental data at Θ i = 60
• but it failed at describing experiments at normal incidence, with the reaction probability being too high at low E i . The results showed that the dissociative chemisorption of N 2 on W(110) is very sensitive to the "shape" of the PES, which determines to what extent the minimum energy paths for dissociation are accessible to the impinging molecules. The results also showed that in the framework of DFT, the theoretical S 0 strongly depends on the exchange-correlation (XC) functional chosen for the electronic structure calculations To explain their results, the authors 15 suggested that the PW91 functional describes the interaction of N 2 with W(110) less accurately close to the surface, where the dissociation occurs. They also suggested that further away from the surface this interaction is described as too repulsive with the RPBE PES, which could explain that this PES underestimates the reactivity at off-normal incidence. Alducin and co. arrived at similar conclusions in work on nonreactive scattering of N 2 from W(110), which also suggested that the molecule-surface interaction obtained with the PW91 functional is too corrugated. 15 The importance of modeling surface atom motion for this reaction was demonstrated 15 with ab initio molecular dynamics (AIMD) calculations, testing both the RPBE and the PBE 16 functionals. Using the PBE functional (which is similar 16 to the PW91 functional 12, 13 used in Ref. 10 ), the reaction probability at normal incidence and E i = 0.9 eV is even larger than for the static surface calculations using PW91. This is because the large amount of energy transferred from the impinging molecules to the surface phonons stabilizes molecules trapped on the surface, thereby enhancing the contribution of a trapping-mediated dissociation mechanism to the reactivity. The RPBE functional gives a better agreement with the experiment for E i = 0.9 eV at normal incidence. The AIMD reaction probabilities computed with PBE and RPBE showed little dependence on E i , in disagreement with experiments. The authors suggested that the reason of this discrepancy is that both the PBE and the RPBE functionals return too deep molecular adsorption wells. The authors also showed that surface atom motion and energy exchange with the surface cannot be neglected in modeling the dissociation of N 2 on W(110). Especially for the PBE functional the work showed that inclusion of surface motion may change the reaction probability curve in a qualitative fashion, leading to changes in how the reaction probability depends on incidence energy, and indicating that a verdict on the accuracy of the functional used to describe the interaction should be based on a comparison of accurate experiments to calculations modeling surface motion accurately.
In order to further improve the theoretical description of N 2 on W(110) Martin-Gondre et al. tested different functionals that account for the vdW interaction. 17 The authors performed a static study of some vdW functionals and computed reaction probability for a few energies with AIMD in the frozen surface approximation (AIMD-FS). Some of the functionals studied improve the static properties of the PES, giving less deep molecular adsorption wells and returning barriers for the desorption and for the dissociation from the molecular adsorption states closer to each other than found with semilocal functionals, in better agreement with experimental evidence. 18 However, the dissociation probabilities calculated with AIMD-FS using the vdW functionals considered did not show better agreement with experiments than the previous AIMD simulations using semi-local functionals (i.e., PBE and RPBE), which are called semi-local because the non-locality of the density n(r) is fully described by taking the gradient at n(r).
Two of the most promising functionals that were identified through static calculation are the vdW-DF 19 and the vdW-DF2 20 functionals. The latter, which has not been tested yet in dynamic simulations, is particularly interesting regarding the depth of the molecular adsorption wells and the balance between desorption and dissociation of N 2 from these wells. On the other hand, the vdW-DF2 functional shows high barriers for the direct dissociation, which are located far from the surface, just like the RPBE functional. Therefore the vdW-DF2 functional might provide a good description of the reaction at normal incidence. Moreover the attractive long-range van der Waals interactions might improve the agreement with experiments at off-normal incidence.
Here we have extended the static analysis of the N 2 + W(110) PES also considering other molecular adsorption minima 15 than considered in Ref. 17 and testing both the vdW-DF and the vdW-DF2 functionals. We have also performed AIMD calculations for N 2 impinging on the W(110) surface using the vdW-DF2 functional, simultaneously accounting for both the effect of the long range vdW interactions and the effect of surface atom motion on the dissociation probability. Our work is part of a larger effort to construct semi-empirical density functionals for a range of moleculemetal surface systems, with the ultimate aim of constructing a database of chemically accurate reaction barriers for these systems. 21 We found that even though the vdW-DF2 functional seems to return a PES that is in better agreement with the experimental evidence than the PBE and RPBE functionals, in the sense that barriers of more similar height are found for molecular desorption and dissociative chemisorption starting from the molecular chemisorption well, 18 AIMD calculations using this functional still fail at quantitatively reproducing the molecular beam experiments. As for the previously tested semi-local functionals, 15 the vdW-DF2 functional returns almost flat reaction probability curves, showing little dependence on incidence energy.
The overall performance of the vdW-DF2 functional in describing the reactivity at normal incidence is similar to that of the PW91 and RPBE functionals, if the experiments of Pfnür et al. 8 are taken as the reference. On the other hand, for normal incidence, the vdW-DF2 functional yields the best description of the results published by Rettner et al. 4 years later. 7 The vdW-DF2 functional also yields the best overall description of the results of Pfnür et al. for an incidence angle of 60
• . The quality of the description of off-normal incidence by vdW-DF2 might be even better than suggested by the present comparison with the data of Pfnür et al. If the correction factor implied by the comparison of the Rettner et al. data to those of Pfnür et al. for normal incidence (reaction probabilities diminished by a factor 1.4) was based on improvements of the experiments, and if a similar factor should be applicable for off-normal incidence, the comparison with experiment should be further improved. This paper is organized as follows. Section II describes the methodology. In Section III, the results are reported and discussed in two subsections: Section III A describes the static study of the PES, including the molecular adsorption states and the barriers involved in the reaction process, and Section III B reports and analyzes the AIMD results. Section IV summarizes the results and the main conclusions of this work.
II. METHOD
All the electronic structure calculations have been performed using the Vienna Ab Initio Simulation Package (VASP) DFT code. [22] [23] [24] [25] The basis set employed includes plane waves with a kinetic energy lower than 450 eV. Tungsten is a body centered cubic (bcc) metal and the W(110) surface has been simulated by a 5 layer slab using a (2 × 2) surface unit cell. The slab is separated from its periodic image by a 14 Å vacuum. The first Brillouin zone has been sampled by a Γ-centered 8 × 8 × 1 k-point grid. To facilitate the electronic convergence a Fermi smearing with a width parameter of 0.1 eV has been used. The core electrons have been modeled using the projected augmented wave (PAW) method. 25, 26 For tungsten, the six valence electrons have been modeled as active while the other electrons have been frozen in the core. We have also tested the PAW implementation which models 6 additional semi-core p electrons as active electrons, but the equilibrium lattice constant for bulk W and the relaxed interlayer distances in the W(110) surface did not considerably change from the 6-active-electrons-PAW results. Furthermore, molecular adsorption energies calculated with vdW-DF2 using the two different PAW implementations differ by less than 26 meV in agreement with tests performed for semi-local functionals. 15 The effect of the size of the supercell has also been carefully tested 27 for the molecular adsorption energy and for one of the barriers involved in the dissociation as found for the 2 × 2 cell. Increasing the supercell size from 2 × 2, which we have used, to 3 × 3 changes the barrier height for the dissociation from the hollow-parallel molecular adsorption site by only 25 meV, and the molecular adsorption energies by less than 40 meV. In our study, we have simulated molecules impinging on the surface at normal and off-normal incidence. In the latter simulations is possible that the molecule interacts with the surface and next closely interacts with the periodic image of the same part of the surface, in the actual collision. However, it has been shown that the mere distortion of the surface does not significantly affect the reactivity of N 2 on W(110), at least for normal incidence. AIMD simulations on a frozen surface but with the atoms displaced like in the moving surface calculations 15 have given the same reaction probabilities (within error bars) as dynamics on the ideal frozen surface (computed by Alducin et al.
10
), suggesting a small effect on reactivity of the surface distortion induced by periodicity and justifying the use of the smaller 2 × 2 supercell.
The calculations have been performed using the vdW-DF2 functional developed by Lee et al. 20 as efficiently implemented in the VASP code. 28, 29 The vdW-DF functional 19 has been tested too but only in the static calculations.
The equilibrium tungsten lattice constant has been calculated as 3.183 and 3.238 Å with the vdW-DF and vdW-DF2 functionals, respectively, as compared with the experimental low-temperature value of 3.163 Å. 30 Molecular adsorption energies (E ads ) and dissociation energies (E diss ) have been computed as
where ϵ asym is the absolute energy of the molecule in its equilibrium geometry placed halfway between two periodic replicas of the slab, ϵ ads is the absolute energy of the molecule in the adsorption configuration, and ϵ diss is the absolute energy of the two N atoms in the dissociation configuration. We verified that in the asymptotic configuration, ϵ asym does not depend on the orientation of the molecule and that even by doubling the vacuum width, the adsorption energies vary by less than 15 meV. ϵ diss and ϵ ads have been calculated within the static surface approximation to be consistent with the procedure used in previous work. 15 The barriers for the direct dissociation (E DirDiss b
) have been extracted from pre-computed 2D potential energy surfaces (PESs) in r and Z for different fixed impact sites and orientations. In the process of the indirect dissociation two barriers are involved (as shown in Figure 1 ): the first barrier separates the asymptotic configuration from the molecular adsorption state, while the second barrier separates the molecular adsorption state from the dissociative chemisorption state. The barriers for the molecular adsorption (E optimized along the minimum energy path (MEP) between the reactants and the products. A CI-NEB calculation has been considered converged when the forces acting on all the images become smaller than 20 meV/Å. We tested this threshold by repeating one of the CI-NEB calculations until the forces acting on all the images become smaller than 5 meV/Å and we found the same barrier height within 1 meV. We verified that the barrier geometries obtained with the CI-NEB calculations are real first-order saddle points by computing the vibrational frequencies.
In order to compute the reaction probability we performed AIMD calculations. [33] [34] [35] [36] AIMD allows one to model the N 2 + W(110) system while taking into account not only the six molecular degrees of freedom but also surface atom motion, which is known to considerably affect the dynamics of this system. 15 The AIMD trajectories have been propagated using the Verlet algorithm as implemented in VASP with a 1 fs time step. With the time step used the average energy drift of the AIMD trajectories (computed as the difference between the maximum and the minimum value of total free energy in each trajectory) is about 25 meV. Much of the details of our AIMD calculations are similar to those described in Ref. 15 .
In order to compare our results with molecular beam experiments, 7, 8 which were performed for a surface temperature (T s ) of 800 K, the theoretical 0 K lattice constant has been multiplied with a factor 1.0037 in order to describe the experimental expansion of the bulk at 800 K. 37 For an optimal sampling of the surface initial conditions, we equilibrated ten differently initialized W slabs. The initial displacements and velocities of the surface atoms have been generated according to an independent harmonic oscillators model. To overcome the harmonic approximation and achieve a proper description of the surface, we next performed a 2.5 ps AIMD equilibration of the clean surfaces to impose the appropriate surface temperature. The surface initial conditions for the N 2 + W(110) trajectories have been randomly chosen from the last 1000 configurations assumed by the surfaces in the slab equilibrations, as described in Ref. 15 .
In the molecule-surface dynamics, the N 2 molecule is in the rovibrational ground-state (i.e., v = 0, j = 0), randomly oriented and placed with its center of mass (COM) 6 Å above the surface where the interaction potential is reasonably close to zero. A molecule has been considered scattered if, after the impact at the surface, the surface-molecule distance becomes larger than 6 Å and the COM velocity is pointing away from the surface. A molecule is considered reacted if the interatomic distance (r) becomes larger than 2.0 Å (1.8 times the equilibrium interatomic distance) and if the distance between the two N atoms becomes larger than the distance between the first atom and the closest periodic image of the second atom. The reactive events have been classified as "direct" or "indirect" depending on whether the molecule performed, respectively, less than four or more than three rebounds on the surface before dissociating. 10 Consistently with previous work, 15 one rebound has been counted every time the velocity of the molecule changes from pointing away from the surface to pointing towards the surface. The trajectories have been propagated until one of the described outcomes is found. However, in a few trajectories (between 6.5% and 4.5% of the total for the lowest E i and normal and off-normal incidence, respectively, and in even fewer cases at higher E i ), the N 2 molecule remains trapped on the surface for a long time without either desorbing or dissociating. Because of the high computational cost of AIMD, in these cases the propagation has been stopped after 4.2 ps and the corresponding trajectories have been labeled as "unclear." A molecule has been considered trapped on the surface if it performed at least three bounces on the surface. The trapping probability has been defined as the number of trajectories in which the molecule undergoes trapping (regardless of the final outcome) divided by the total number of trajectories.
Each sticking probability value is estimated from 400 NVE trajectories (i.e., constant number of atoms, volume, and total energy) performed for the same collision energy (E i ) and incidence angle (Θ i ) while including the N 2 zeropoint energy in the calculation (quasi-classical trajectories, QCTs). Assuming energy conservation, for the scattered AIMD trajectories the amount of energy transferred to the surface (E T ) has been computed as
by evaluating the kinetic energy of the molecule (K) and the interaction potential between the two N atoms (V ) at the initial and at the final step of the trajectory. A positive value implies that energy is transferred from the molecule to the surface and a negative value that energy is transferred from the surface to the molecule. In Eq. (3), K initial and K final are computed as the sum of the kinetic energies of the two N atoms in the first and in the last step of the dynamics, respectively. To obtain the potential energy terms, we computed a fit of the one dimensional interatomic potential for the N 2 molecule and we obtained V initial and V final according to the interatomic N-N distance at the initial and at the final step of the dynamics, respectively. Note that the energy transfer has been evaluated only for scattered molecules, for which our procedure is justified if energy conservation is assumed. The relative variation of the interlayer distance ∆d mn with respect so the corresponding bulk value (d b ) has been defined as
where m and n a are indexes identifying the two layers considered. The results for T S = 0 K, obtained by optimizing the slab interlayer distances while using the vdW-DF2 functional, show contraction of the first interlayer distance (i.e., ∆d 12 = −3.8%) and a slight expansion of the second interlayer distance (i.e., ∆d 23 = 0.10%) with respect so the corresponding bulk value (d b ). The same quantities obtained for T S = 800 K, averaging over all the configurations employed for sampling the surface initial conditions, are not considerably different from the corresponding equilibrium values. However, ∆d 23 becomes negative in the dynamics picture. These results are in good agreement with previous theoretical work based on DFT with full-potential linearized augmented plane-waves (DFT-FLAPW) 38 and in reasonable agreement with X-ray diffraction experimental data 39 ( Table I ). The reaction probabilities are reported with statistical error bars (σ p ) that represent the 68% confidence intervals. 40 TABLE I. Relative interlayer variations with respect to the bulk computed from experiments and with different theoretical methods.
For a reaction probability p calculated from the computation of N trajectories, σ p is defined as
The relative interlayer variations (∆d mn ) and the mean energy transfer from the molecule to the surface (⟨E T ⟩) are reported with statistical standard errors (i.e., the standard deviation divided by the square root of the number of values used to compute the average).
III. RESULTS AND DISCUSSION

A. Static results
To properly model the dissociation of N 2 on W(110) a density functional that correctly describes the moleculesurface interaction is needed. Therefore we first studied the shape and the features of the PES for molecular nitrogen interacting with an ideal W(110) surface, using the functional considered, through static calculations. The coordinate system employed is represented in Figure 2 .
There is experimental 18, 41 and theoretical 10, 11, 15, 17 evidence for the existence of molecular adsorption states of N 2 on W(110). The associated configurations are believed to be relevant to the indirect dissociation mechanism in which the molecule remains trapped near the surface before dissociating. 10, 15 The presence of deep molecular adsorption minima leads to an higher probability for the molecule to be trapped close to the surface and, therefore, an higher dissociation probability. As in previous work, 15 three molecular adsorption geometries have been found; some details of these geometries are reported in Table II and a sketch of the molecular adsorption states is represented in Figure 3 . The molecular adsorption states found are the following: the top-vertical (tpv) state, in which the molecule is perpendicular to the surface and above a top site, the hollow-parallel (hlp) state, in which the molecule is parallel to the surface with the center of mass above the four-fold hollow site (and φ = 0
• ), and the bridge-hollow-tilted (bht) state, in which one of the two atoms is roughly above a bridge site and the other one close to an hollow site; in this geometry, the molecular axis is neither perpendicular nor parallel to the surface.
The molecular adsorption energies (E ads ) for the adsorption states calculated with the vdW-DF2 functional are smaller than both the PBE and the RPBE values, with the exception of the top-vertical state for which E ads is 0.1 eV larger (i.e., more negative) for the vdW-DF2 functional than for the RPBE functional (see Table III ). E ads for the bridgehollow-tilted adsorption is particularly small (i.e., −0.286 eV, vs −0.984 eV for PBE, and −0.543 eV for RPBE). Considering that the trapping mediated dissociation represents a large fraction of the reactivity at the lower E i values investigated for PBE and RPBE and that for this collision energy range the experimental S 0 is overestimated with these functionals, the smaller values of E ads found with the vdW-DF2 functional suggest a lower contribution of the indirect dissociation channel to the reactivity. As is shown in Sec. III B, this does improve agreement with experimental data. For the vdW-DF functional, the molecular adsorption energies calculated are very similar to the PBE results. Moreover previous static surface AIMD simulations performed by Martin-Gondre et al. 17 showed an underestimation of the experimental reaction probability using this functional. Therefore in this work we focus on the more promising vdW-DF2 functional. Interestingly the tested vdW functionals show generally weaker bonding for the molecular adsorption of N 2 , but note that it is not easy to predict and to intuitively explain the behavior of a density functional. Moreover compared to the GGA functionals previously used (PBE and RPBE), both the exchange and the correlation parts have changed. The van der Waals functionals of the DF family (vdW-DF and vdW-DF2) have been designed to well reproduce purely vdW bonded systems like rare gas dimers, and they couple a nonlocal correlation term that accounts for vdW interaction with a GGA exchange functional (i.e., revPBE and rPW86 for the DF and for the DF2 functional, respectively). 19, 20 As a result these functionals can be more repulsive at intermediate distances where chemical bonding occurs while they are usually more attractive at long distances where any bonding is due to vdW dispersion (see also Figure 4) .
If a molecule approaches the surface at normal incidence, it may encounter an energy barrier 15 before reaching a molecular adsorption state. In order to investigate this, we computed two dimensional (r,Z) potential energy cuts setting the remaining degrees of freedom (DOF) equal to the ones characterizing the molecular adsorption geometries. The three elbow plots (Figure 3 ) have been computed interpolating (DFT) energy values on a fine grid in r and Z. The entrance channel barriers for molecular adsorption E ent b that are extracted from these 2D cuts are reported in Table IV 
-vertical, hollow-parallel, and bridge-hollow-tilted, respectively. All the vdW-DF2 values are extracted from the 2D cuts in Figure 3, Figure 3) is the E ent b barrier. We investigated the nature of the second 2D saddle point by means of geometry relaxation and frequencies calculations and we found than this is not a first order saddle point (i.e., a stationary point for which all the frequencies are real numbers except for one which is imaginary) in the full 6D space.
The vdW-DF2 functional has been developed to also model long-range attractive van der Waals interactions. To understand the properties of the PES far away from the surface, two one-dimensional energy diagrams have been computed (Figure 4) . The bond length of N 2 has been fixed to the equilibrium value in the gas phase (i.e., 1.113 Å) and the molecule-surface interaction has been calculated varying the distance of the molecule's COM to the surface. Two potential curves have been computed for the molecule above the top site, one with the molecular axis perpendicular and one with the molecular axis parallel to the surface. For Z > 4 Å there is no potential difference between the two molecular orientations. For Z < 4 Å a molecule perpendicular to the surface can enter the top-vertical adsorption well without any barrier, as mentioned above. At about 4 Å from the surface an adsorption well (vdW or physisorption well) of about 75 meV depth is observed in the vdW-DF2 results. Such a well is not observed with regular GGA functionals like PBE or RPBE and, as is shown in Sec. III B, it can affect the dynamics by trapping "slow" molecules at about 4 Å from the surface.
In addition to the "straight paths" to access the molecular adsorption wells, a molecule could follow more complicated paths in which the impact site and the molecular orientation change along the path, potentially leading to lower barriers. For instance, a molecule could follow a barrierless path to enter the top-vertical adsorption well and then move towards another adsorption state. CI-NEB calculations have been performed to obtain the MEPs and the barriers connecting the top-vertical (tpv) adsorption state to the bridge-hollow-tilted (bht) and the hollow-parallel (hlp) configuration. Relative to the asymptotic reference (N 2 far away from the surface at 0 eV) a small (18 meV) barrier has been found for the tpv-to-hlp path ( Figure 5(b) ) while the tpv-to-bht path is barrierless (Figure 5(a) ). Considering that the minimum initial translation energy of our AIMD trajectories is 0.9 eV, the molecules should in all cases studied have enough energy to overcome the barriers shown in Figure 5 and to explore the PES close to the surface without being confined to a specific molecular adsorption minimum.
Previous work 10, 15 showed that PBE overestimates the dissociation probability at E i = 0.9 eV. Moreover, it was found 15 that the molecules that visit at least one of the molecular adsorption states dissociate in the majority of cases. These results would be consistent with the barriers for the dissociative chemisorption being too low compared to the ones for desorption from the molecular chemisorption well. Experimental work 18 suggests that for the molecule initially in the molecular chemisorption well, barriers for desorption and dissociation of similar height should be expected for N 2 on W(110). In fact, Lin et al. 18 studied N 2 on W(110) with different experimental techniques (temperature programmed desorption, Auger spectroscopy and X-ray photoelectron spectroscopy), estimating, for both the dissociation and the desorption, an activation energy of about 0.450 eV, which is reasonably similar to the barrier for the desorption from the top-vertical molecular adsorption state computed using vdW-DF2 (i.e., 0.480 eV).
Indirect dissociation barriers (E IndDiss b
) and desorption barriers (E Des b ) have been calculated using the vdW-DF2 functional. The latter have been extracted from the elbow plots in Figure 3 and the former have been calculated performing CI-NEB calculations connecting the molecular adsorption state to a dissociated configuration in which the N atoms are above two bridge sites ("hollow-to-bridge" dissociation). The hollow-tobridge geometry has been chosen as the final configuration of the CI-NEB calculations in order to simulate the dissociation above an hollow sites which is know to be involved in the dissociative chemisorption of N 2 on W(110). 10, 15 Moreover this geometry has been used as the final configuration of CI-NEB calculations on the same system in previous work. 17 The barrier heights, relative to the energy of the adsorption state (as illustrated in Figure 1 ), are reported in Table V value for the path connecting the top-vertical molecular adsorption geometry and the hollow-to-bridge dissociation with the vdW-DF2 functional (marked with an "a" in Table V) is extracted from Figure 2 of Ref. 17 . Note that this value was obtained allowing the relaxation of the two topmost surface layers in the NEB calculation whereas our results have been computed within the frozen surface approximation. With the vdW-DF2 functional, it has not been possible to converge the CI-NEB calculation to obtain this barrier within the static surface approximation. Martin-Gondre et al.
17 also found problems to obtain the barrier height for the same path within the frozen surface approximation. They managed to properly converge this path and to compute the barrier height only if the two topmost surface layers were allowed to relax. We also report their value in our computed with vdW-DF2 are closer to each other than found with the other functionals, which is consistent with experimental results. 18 The better agreement of vdW-DF2 static results with the experimental findings suggests that in the molecular dynamics simulation, there might be less indirect reaction, which could result in better agreement with the experimental reaction probability (S 0 ). As already noted, the vdW-DF2 barrier for the desorption from the top-vertical molecular adsorption state (E Experimentally N 2 is known to adsorb on W(110) in a state which has been labeled γ-N 2 with an estimated adsorption energy of −0.450 eV. 41 This value agrees well with the adsorption energy we obtained with vdW-DF2 for the top-vertical adsorption state (E ads = −0.480 eV). There is also experimental evidence for another adsorption state of N 2 on W(110) called δ-N 2 . Zhang et al. 41 reported the presence of this adsorption state generated through electron bombardment of γ-N 2 in electron stimulated desorption (ESD) experiments, and suggested an adsorption geometry with the molecule lying parallel to the surface with the N-N bond elongated with respect to N 2 in the gas-phase. The hollow-parallel adsorption state we found is characterized by a molecule placed parallel to the surface with an elongated N-N bond. Therefore, it might correspond to the experimentally observed δ-N 2 state. Moreover, the thermal programmed desorption (TPD) spectra before and after the ESD do not significantly differ, suggesting either that the desorption activation energy is similar for γ-N 2 and δ-N 2 or that the adsorbed molecules convert from the δ to the γ state before desorbing. Our findings are consistent with the latter explanation: in fact, the hollow-parallel barrier for direct desorption (E Des b = 1.091 eV) is much higher than the barrier to convert the hollow-parallel adsorption state to the top-vertical adsorption state (E b = 0.644 eV). However δ-N 2 has not been found to give rise to atomic N in TPD or ESD experiments, suggesting a large dissociation barrier for the δ-N 2 state, whereas the vdW-DF2 functional shows only a small dissociation barrier for the hollow-parallel state (i.e., E IndDiss b = 0.182 eV). We have studied the details of the energy landscape that influence the direct dissociation mechanism, which implies dissociation at the first impact on the surface or after a few rebounds. Four additional 2D cuts of the potential ( Figure 6 ) have been computed considering four configurations that might be involved in this process. The configurations considered (Figure 7) involve the bridge-tohollow dissociation, the bridge-to-hollow-shifted dissociation, the hollow-to-bridge dissociation, and the top-to-hollow dissociation. The first site specified in the configuration name is the molecular COM position and the second one is the name of the site to which the two N atoms are pointing (for example, in the bridge-to-hollow configuration the center of mass is above a bridge site and the N atoms point towards two hollow sites). The configurations considered ( Figure 7 ) are representative of all the possible 2D paths that allow the 2 N atoms to end up in two equivalent (local) adsorption minima (hollow, bridge, hollow-shifted) and the corresponding dissociative chemisorption energies (E diss ) are reported in Table VI . The real absolute atomic adsorption minimum of the infinite system is the one in which the N atoms are infinitely far from each other. Within our supercell, the real absolute energy minimum is the one corresponding to the bridge-to-hollow-shifted dissociation. The atomic adsorption site over the bridge site and the one over the hollow site are not real minima but stationary points with one or two small imaginary frequencies. They have been used as final configurations to simulate the dissociation above the hollow and the bridge sites, respectively, as the associated reaction paths are known to be relevant for this system. The E diss values are calculated considering the asymptotic energy as energy zero and Table VI shows that the dissociative chemisorption of N 2 on W(110) is an exothermic process. The most stable dissociative geometry among the ones considered is the bridge-to-hollow-shifted geometry. The bridge-to-hollow and the top-to-hollow dissociation geometries differ in energy by FIG. 7 . Dissociation products considered as a result of a bridge-to-hollow (a), hollow-to-bridge (b), bridge-to-hollow-shifted (c), and top-to-hollow (d) dissociation. 151 meV because the distances between the two N atoms differ in the dissociated geometries. 2D plots including the dissociation geometries mentioned above have been calculated with the same procedure as used for ), as extracted from the 2D plots in Figure 6 , are reported in Table VII . For the top-to-hollow dissociation, we found a very high barrier at Z = 1.76 Å. For both the bridge-to-hollow and the hollow-to-bridge dissociation the MEP on the 2D PES shows two local minima and two saddle points. The entrance channel barriers for the direct dissociation (E DirDiss b , represented as black circles in Figure 6 ) are located in the region between 2.0 and 2.5 Å from the surface and the corresponding barrier heights, for vdW-DF2, are larger than for PBE but lower than for RPBE. Compared to RPBE, the vdW-DF2 functional is less repulsive far from the surface (Z > 2 Å) where the barriers for the direct dissociation are located. Performing geometry relaxation and frequencies calculations we verified that, in both cases, the first minimum along the MEP (between the two barriers) is not a real minimum in the 6D space for both hollow-to-bridge and bridge-to-hollow dissociation.
B. AIMD results
The reaction probability (S 0 ) has been computed for N 2 on W(110) for two incidence angles (Θ i = 0
• and 60 • ) and four initial collision energies (E i = 0.90, 1.30, 1.70, 2.287 eV). We have compared AIMD results at normal incidence with the results of two molecular beam experiments of N 2 on W(110) performed at T S = 800 K (Figure 8 ). The two experimental data sets, which were obtained by Pfnür et al. 8 and Rettner et al., 7 show a considerable difference in the reaction probability (Figure 8 ), in particular at high collision energies: for E i = 2.3 eV, the reaction probability obtained by Rettner et al. is about 0.1 smaller than the reaction probability obtained by Pfnür et al. We found that multiplying the S 0 of Rettner et al. by a factor of 1.4 makes the reaction probability curve fall almost on top of the reaction probability curve obtained by Pfnür et al. We focused the analysis of our results on the comparison with the Pfnür et al. results because their experiments, similarly to previous theoretical work, 10, 11, 15 investigated both normal and off-normal incidence. Moreover Rettner et al. 7 did not give an explanation about the discrepancies between their sticking probabilities and the earlier results of Pfnür et al. 8 For both incidence angles, the AIMD results are in good agreement with experimental data obtained by Pfnür et al. 8 at E i = 0.9 eV, but the agreement is less good for higher collision energies. For normal incidence, the AIMD fails at reproducing the experimental trend: the experimental S 0 increases monotonically with E i whereas the computed S 0 seems to show a minimum for E i between 1.0 and 1.5 eV. For Θ i = 60
• , the results are in good agreement with experiment at E i = 0.9 eV, but at higher energies, AIMD gives reaction probabilities that are smaller than the experimental ones. TABLE VII. Barriers for the direct dissociation (in eV) extracted from the elbow plots in Figure 6 . The PBE and the RPBE data are from Ref. 15 (Figure 8 ) while for the lowest collision energy (i.e., E i = 0.9 eV), the AIMD results overestimate the measured reaction probability. Figure 8 also shows the upperbounds of the computed reaction probability obtained by considering all unclear trajectories as reacted. For the lowest E i investigated the upperbound reaction probabilities are 0.065 and 0.045 larger than the regular ones for Θ i = 0
• and 60
• , respectively. For higher E i , the upperbounds are not considerably different from the computed S 0 and follow a similar trend in the dependence on E i as the S 0 calculated in the regular way.
In Figure 9 vdW-DF2 AIMD results are also compared to previous calculations performed using PBE and RPBE (from Ref. 15) . For all E i and incidence angles considered, the vdW-DF2 reaction probabilities are lower than the PBE results. Compared to RPBE, vdW-DF2 is less reactive for normal incidence. For Θ i = 60
• , however, vdW-DF2 returns larger reaction probabilities for E i = 0.9 eV but a similar reaction probability for E i = 2.3 eV. When it comes to the overall performance of the functionals in describing the reactivity at normal incidence as measured by Pfnür et al., 
None of the functionals yields a good overall description of the reactivity. However, the vdW-DF2 functional yields the best description of the results published for normal incidence by Rettner et al. 4 years later. 7 The vdW-DF2 functional also best describes the results of Pfnür et al. for an incidence angle of 60
• .
Although we have chosen to emphasize the comparison with the data of Pfnür et al., because they were obtained for both normal and off-normal incidence, it is interesting to speculate about the quality of the two sets of experimental results, and possible consequences for the comparison with the AIMD results. As already noted, the results of Rettner et al. for normal incidence compare well with those of Pfnür et al. if the latter are divided by a factor 1.4. Unfortunately, Rettner et al. did not state whether the difference with the earlier data reflected improvements of the measurements. If that would be the case, and a similar correction factor should be applicable to the data of Pfnür et al. for 60
• , the agreement of the vdW-DF2 results with the experimental data for this incidence angle should be further improved. New experiments to resolve this and other issues concerning experimental accuracy are clearly desirable, as N 2 + W(110) has become a benchmark system for surface reaction dynamics. Ideally, in new molecular experiments, the beams used would be well characterized in terms of their velocity distribution and vibrational and rotational temperature of the molecules, as calculations on H 2 + Cu(111) 42 suggest that these might have an important effect on the measured sticking probability.
For the vdW-DF2 functional, the indirect dissociation channel is still important at E i = 0.9 eV, whereas at higher energies reactive events via trapping are rare for both Θ i = 0
• (Figure 10 ). For Θ i = 0 • vdW-DF2 indirect reaction probabilities are smaller than for both PBE and RPBE. For Θ i = 60
• , vdW-DF2 indirect reaction probabilities are smaller than for PBE and larger than RPBE at E i . Increasing the collision energy, the vdW-DF2 reaction probability decreases, becoming smaller than for both PBE and RPBE. The vdW-DF2 direct reaction probability is always lower than for PBE. As noted before, for Θ i = 60
• the vdW-DF2 functional reproduces the experimental data of Pfnür et al. 8 well at the lowest E i simulated but fails for higher energies where the direct dissociation mechanism dominates. One possibility is that this functional overestimates the barriers for direct dissociation returning a too low reaction probability at E i = 2.287 eV.
The molecules that react indirectly at normal incidence spend considerable time bouncing on the surface before dissociating. Even for the direct reaction at the lower E i values investigated and normal incidence, most of the molecules bounce at least once before the dissociation. This is not the case for Θ i = 60
• where the direct dissociation occurs mostly as soon as the molecule reaches the surface. Distributions of the COM positions and θ values, evaluated at the time of the dissociation (defined as the time at which the interatomic distance r becomes larger than 2 Å), are reported in Figures 11  and 12 , respectively. Using the vdW-DF2 functional, the direct reaction occurs at the hollow and bridge sites, while the indirect reaction occurs mostly at the hollow sites. Using the PBE and the RPBE functionals similar COM distributions are obtained for the direct and the indirect dissociation (not shown). The molecules react only when the axis is almost parallel to the surface (θ ≈ 90 • ) for both the direct and the indirect dissociation mechanisms (Figure 12 ).
The molecular trapping is related to the possibility, for the molecule, to lose its translational kinetic energy by transferring it to other molecular DOFs or to the surface. We evaluated the average amount of energy exchanged with the lattice (⟨E T ⟩) for the scattering trajectories (Table VIII) .
• a large portion of E i is transferred to the lattice (i.e., 0.26 eV < ⟨E T ⟩ < 0.78 eV) whereas for Θ i = 60
• , the energy transferred is smaller by about a factor two. Similar results have been found for PBE and RPBE. 15 Our results are also compared with the energy transfer predicted by the Baule model (E Baule T ), 43 which approximates the molecule-surface impact as a collision between two hard-spheres with masses equal to the N 2 molecule and a target atom, which is typically taken as one of the surface atoms (i.e., a W atom),
Here µ is the ratio between the mass of the N 2 molecule and the mass of one W surface atom. If the system considered shows a significant molecular adsorption energy, as for N 2 on W(110), the modified Baule model is generally used to take into account the additional kinetic energy that the projectile gains approaching the surface. In the modified Baule model, E i is substituted by (E i + E ads ), where E ads is the adsorption energy (in our case we used the largest adsorption energy, which is the one related to the hollow-parallel configuration, i.e., E ads = 0.626 eV). Table VIII We also compared the energy exchanged by the molecules that scattered after a single impact on the surface (⟨E T ⟩ 1 ) with the Baule model predictions (Figure 13) , showing that the Baule model considerably overestimates the amount of energy transferred to the surface even considering a single molecule-surface collision.
For PBE and RPBE, 15 a large fraction of the molecules undergo molecular trapping (between 15 and 40%, depending on E i and Θ i ) as also reported in Figure 14 . Most of the trapped molecules end up dissociating. For vdW-DF2, we found that the fraction of the trajectories that involve molecular trapping (between 0.05 and 0.2) is significantly lower than for the other functionals at Θ i = 0
• (Figure 14) . For Θ i = 60
• , the fraction of trapped molecules found with vdW-DF2 is smaller than for PBE and monotonically decreases with increasing collision energy ( Figure 14) . On average, 60% of the trapped molecules dissociate ( Figure 15 ). As found for PBE and RPBE, 15 for normal incidence, the fraction of trapped molecules that dissociate is independent of the collision energy. For Θ i = 60
• , it is not possible to identify a clear trend because the statistics are poor due to the low number of trapped trajectories at this incidence angle (Figure 15 ).
Some trajectories are still trapped on the surface at the end of the propagation time (i.e., 4200 fs) without a clear outcome (reaction or scattering). 80% of the reactive events occur before a propagation time t ′ = 1600 fs (roughly 40% of our maximum propagation time) and all the molecules that dissociate after that time go through the indirect dissociation channel. If we assume the ratio between the molecule scattered and dissociated after t ′ to be constant in time, we can extrapolate dissociation probabilities for larger propagation times assigning an outcome to the unclear trajectories. The two S 0 points associated with the highest number of unclear trajectories are at E i = 0.9 eV for both Θ i = 0
• and 60 • and they show a reaction/desorption ratio after t ′ of 1.25 and 0.56, respectively. If an outcome is assigned to the unclear trajectories according to this extrapolation the computed S 0 values would increase by 0.036 for E i = 0.9 eV and Θ i = 0
• and by 0.016 for E i = 0.9 eV and Θ i = 60
• . The main conclusions of our work would not change on the basis of these estimates, and the small increase of the reaction probability due to this extrapolation shows that the upperbounds to the reaction probabilities reported in Figure 8 are probably somewhat too large. The long range van der Waals interaction (Figure 4 ) directly affects the dynamics through the introduction of a shallow molecular adsorption (physisorption) well. Note that this physisorption well is not present if traditional functionals like PBE and RPBE are employed, as regular GGA functionals fail to describe long-range dispersion interaction. A molecule can be trapped either in one of the molecular adsorption (chemisorption) minima previously described (at Z ≈ 3 Å from the surface) or in the vdW well (at Z between 3.5 and 5 Å from the surface). To illustrate the two kinds of adsorption, we have chosen two representative trajectories ( Figure 16 ). In Figure 16(d) , the kinetic energy along the surface normal is plotted as a function of time for a molecule trapped in the vdW well (reported in red) and for a molecule trapped close to the surface (reported in green). We observe trapping in the vdW well only following the molecule-surface collision: it is only through the impact with the surface that the high collision energy can be transferred from the Z degree of freedom to other molecular or surface DOFs, allowing for the trapping in the shallow vdW well. Due to the low corrugation of the potential and the large distance from the surface, energy exchange between the molecular and the molecule-surface DOFs is expected to be slow. Therefore the dissociation of a molecule trapped in the vdW well might occur on a time scale that is too large compared to what can be afforded with the AIMD method. However, using the vdW-DF2 functional, the trapping in the vdW well is quite rare at the collision energies investigated: for Θ i = 0
• , we found that only 3% of the trajectories undergo trapping in the vdW well, and this value decreases to zero for higher collision energies and angles (Figure 16(a) ). Therefore, assigning an outcome to these trajectories would not considerably change the conclusions of this work.
IV. SUMMARY AND CONCLUSIONS
In this work, we have studied the static properties of the PES and we have computed the sticking probability for N 2 on W(110) employing AIMD. All the electronic structure calculations have been performed using functionals that include long range van der Waals interactions, as already tested on this system by Martin-Gondre et al. 17 with static and dynamic calculation, but only within the ideal and frozen surface approximation. We extended the static study for the vdW-DF and the vdW-DF2 functionals considering more molecular adsorption configurations and we performed AIMD calculations, testing the vdW-DF2 functional, accounting for surface atom motion effects and long range interactions.
Using the vdW-DF2 functional, the PES shows improvements compared to standard GGA functionals like PBE and RPBE. 15 The molecular adsorption wells are less deep and the barriers for the indirect dissociation and for the desorption from these molecular adsorption states are more similar to each other than with the PBE and the RPBE semi-local functionals, in better agreement with experimental evidence. 18 Using the vdW-DF2 functional, the AIMD simulations show a lower trapping-mediated reaction probability than found for PBE and RPBE, 15 resulting in a reasonable agreement with the molecular beam experiments of Pfnür et al.
8 at E i = 0.9 eV.
However, AIMD underestimates the reaction probability measured by Pfnür et al. at the higher E i values investigated, where the trapping-mediated dissociation mechanism is negligible, resulting in a dissociation probability curve that does not depend on E i , as previously found with semi-local functionals modeling surface atom motion. 15 This seems to suggest that the vdW-DF2 functional is still too repulsive in the area of the PES far from the surface in spite of the attractive vdW interaction modeled and that the barriers for direct dissociation computed with the vdW-DF2 functional might still be too high.
When it comes to the overall performance of the functionals used with AIMD in describing the experiments of Pfnür et al.,
8 the vdW-DF2, PBE, and RPBE functionals are of similar quality in describing the reaction probabilities measured at normal incidence, with none of the functionals performing very well. On the other hand, the vdW-DF2 functional performs best in describing the normal incidence data measured four years later by Rettner et al. 7 The vdW-DF2 functional is also best at describing the reaction probabilities measured by Pfnür et al. for off-normal incidence. 8 We suggest that new experiments be performed to determine whether the difference between the normal incidence results of Pfnür et al. and Rettner et al. reflected improvements in the measurement techniques made over the four year time span that elapsed between the two publications. In surface science, the N 2 + W(110) system has become a benchmark system for the accuracy of dynamical methods and density functionals at describing reactivity on metal surfaces. Unfortunately, in the study of this system, we are arriving at a point where further progress is becoming hampered by the absence of well characterized and accurate molecular beam experiments, and by the presence of unexplained differences between the two experiments that are available for normal incidence.
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